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Abstract 

 

Bryan Mound 5 (BM5) and West Hackberry 9 (WH9) have the potential to create a significant 

amount of new storage space should the caverns be deemed “leach-ready”. This study discusses 

the original drilling history of the caverns, surrounding geology, current stability, and, based on 

this culmination of data, makes a preliminary assessment of the leach potential for the cavern. 

The risks associated with leaching BM5 present substantial problems for the SPR. The odd shape 

and large amount of insoluble material make it difficult to determine whether a targeted leach 

would have the desired effect and create useable ullage or further distort the shape with 

preferential leaching.  The likelihood of salt falls and damaged or severed casing string is 

significant.  In addition, a targeted leach would require the relocation of approximately 27 MMB 

of oil. Due to the abundance of unknown factors associated with this cavern, a targeted leach of 

BM5 is not recommended.  A targeted leaching of the neck of WH9 could potentially eliminate 

or diminish the mid-cavern ledge resulting in a more stable cavern with a more favorable shape. 

A better understanding of the composition of the surrounding salt and a less complicated 

leaching history yields more confidence in the ability to successfully leach this region.  A 

targeted leach of WH9 can be recommended upon the completion of a full leach plan with 

consideration of the impacts upon nearby caverns. 
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1 Executive Summary 

This report summarizes recent efforts to evaluate West Hackberry 9 (WH9), currently 9.1 million 

barrels (MMB), and Bryan Mound 5 (BM5) which is approximately 37.0 MMB at the U.S. 

Strategic Petroleum Reserve (SPR) for remedial leaching activities. Currently, these caverns are 

discounted from remedial leaching scenarios due to their odd shapes and narrow necks as well as 

the limited number of available drawdowns (namely 1 in both cases (Sobolik, Park et al. 2014)). 

BM5 and WH9 have the potential to create a significant amount of new storage space should the 

caverns be deemed “leach-ready”. This study discusses the original drilling history of the 

caverns, surrounding geology, current stability, and, based on this culmination of data, makes a 

preliminary assessment of the leach potential for each cavern. 

The Phase I caverns in this study were not drilled nor were they developed by the SPR. Because 

of this, original data, logs, and well history information can be difficult to locate. Investigation of 

each cavern was done using available resources including the SPR Information Management 

System (SPRIMS), the SPR Library at Sandia National Laboratory (SNL), SNL’s PETRA 

geologic database, state records, Fluor Federal Petroleum Operations (FFPO) files on BM5, and 

verbal communication with several SPR project members. The focus of this report has been to 

couple historic data with current knowledge of the SPR sites and caverns, geology of the sites, 

and stability analyses. 

Although leaching the narrow neck of BM5 could potentially create additional ullage, the risks 

associated with this leach present substantial problems for the SPR. The odd shape and large 

amount of insoluble material make it difficult to determine whether a targeted leach would have 

the desired effect and create useable ullage or further distort the shape with preferential leaching. 

Also, the likelihood of salt falls and damaged or severed casing string is significant. 

Additionally, in order to begin a targeted leach, approximately 27 MMB of oil would need to be 

moved out of the cavern and relocated. Because of these factors, no attempt has been made to 

investigate a potential leaching scenario for BM5 using SANSMIC simulations. Due to the 

abundance of unknown factors associated with this cavern, a targeted leach is not recommended. 

A targeted leaching of the neck of WH9 could potentially eliminate or diminish the overlying 

and underlying ledges which would result in a more stable cavern with a more favorable shape. 

A better understanding of the composition of the surrounding salt and a less complicated 

leaching history yields more confidence in the ability to successfully leach this region. WH9 has 

not experienced frequent salt falls as has been the case with BM5. For these reasons, a 

preliminary leach plan with SANSMIC simulations has been generated. However, before moving 

forward with leaching plans and operations, it is imperative to investigate the affect this will 

have on nearby caverns, especially WH6. 
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2 Problem Statement 

The U.S. Strategic Petroleum Reserve comprises 63 crude oil storage caverns located in four salt 

domes across the U.S. Gulf Coast. The current number of active caverns is in flux following 

decisions to empty several of the oldest SPR caverns due to mechanical stability and well 

integrity concerns.  All of these caverns were drilled and developed by other companies for a 

variety of purposes.  Because of the variation in origin, many of these caverns have less than 

ideal shapes that can lead to long term cavern and well stability issues.   

Several factors combine to reduce storage volume across SPR with time, and active steps must 

be taken in order to retain enough volume to not only contain the current oil inventory, but also 

allow extra working room called ullage, to permit routine maintenance and operations over the 

lifetime of the complex.  This report investigates the potential and the risks of leaching two 

current storage caverns, namely Bryan Mound 5 (BM5) and West Hackberry 9 (WH9), which 

would increase overall SPR storage capacity and may also increase the stability of the caverns 

themselves.   
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3 Background 

The designation of Phase I, II, and III caverns is related to the time of acquisition or leach and 

the current storage space available at that time.  Phase I caverns are the first caverns that were 

used by the SPR and were acquired, not leached.  Many were brine production caverns and as 

such were not leached with the intention of storing crude oil.  Phase II caverns were leached or 

acquired to bring the SPR capacity up to 500 MMB.  Phase III caverns brought the SPR capacity 

up to 750 MMB and include BC101, WH117, BM113, BM114, BM115, BM116, and the Big 

Hill site (BH101-BH114) (Eldredge 2014).  Phase II and Phase III caverns are specifically 

designed for crude oil storage and thus conform to a general pattern of tall, thin, cylindrical 

caverns.  Two possible exceptions to the above are BC17 and BC102.  BC17 would technically 

be a Phase II cavern because of the date of its acquisition, but it follows the non-standard 

geometry and early leach history common to the Phase I caverns and is often referred to as a 

Phase I cavern.  BC17 was acquired because of the narrow web between it and BC15 requiring 

that they both be operated as a gallery.  BC102 was originally leached by the SPR but was traded 

to Petrologistics in exchange for BC17.  BC102 was recently reacquired by the SPR.  For the 

purpose of this report, all non-SPR designed caverns will be referred to as Phase I caverns as 

their geometry is non-standard. 

In February of 2013, a working group from DM Petroleum and Sandia Labs was tasked with 

determining the volume that could be gained by additional leach procedures given certain 

criteria.  One criterion was requiring five or more available drawdowns or not reducing the 

number of available drawdowns after remedial leaching.  This automatically eliminated all Phase 

I type caverns from consideration for leaching.  Prior to this working group meeting, it was 

thought that withdrawal leach focused leaching near the OBI.  This was found to not be true as 

withdrawal leach focuses leach near the injection depth and tapers up to the final OBI depth (is a 

function of time exposed to under saturated brine) (Lord, Roberts et al. 2012; Weber, Gutierrez 

et al. 2013; Weber, Rudeen et al. 2014).  A plan was proposed where selected Phase II and III 

caverns could be leached with targeted sculpting in the middle depths of the caverns, and the 

resulting work was published in a Sandia/DM joint working group technical report (Eldredge, 

Checkai et al. 2013).  It was also hypothesized that considerable new storage volume might be 

gained from leaching the neck regions of WH9 and BM5, though the specialized considerations 

of leaching Phase 1 caverns was beyond the scope of the 2013 report.  Phase I caverns often  

represent the largest caverns owned by SPR; WH9 holds approximately 8.9 MMB of oil while 

BM5 is the largest SPR cavern with approximately 36.8 MMB of oil and represents more than 

5% of the total capacity of the SPR.  These two caverns have the potential to generate up to 6.8 

MMB of additional storage capacity (as determined in section 5.5 and Appendix B).  It is 

imperative to understand the history, structure, and surrounding geology of these caverns. With 

this understanding, the SPR could possibly realize the leach potential of these caverns. 

The first half of this report deals with the detailed analysis and evaluation of BM5 while the 

second half investigates WH9. The same section headings will appear for each of the two 
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caverns and include Geology, History, Cavern Issues, Current Stability Assessment, and Leach 

Potential and Simulations. As these are Phase I caverns and the SPR was not the original owner, 

the History section discusses information from the original cavern developers, if any, and 

additional information pertinent to the cavern shape and composition of the surrounding salt. The 

Geology section discusses trends in the salt dome and levels of impurities in the salt. Cavern 

Issues deals with known and reported instances of well damage and failure throughout the life of 

the cavern. Current Stability Assessment evaluates the current stability issues for the cavern and 

identifies areas of greatest stress and potential concern. Finally, an evaluation is made in section 

Leach Potential and Simulations of the cavern based on the suite of information as to whether or 

not the cavern should undergo targeted leach operations to generate a more favorable shape, 

therefore reducing stress, and create additional ullage. If the cavern is a good candidate for 

targeted leaching, a preliminary leach plan can be developed and utilized to generate a cavern 

shape that is more favorable and reduces the stresses identified in the Current Stability 

Assessment section. 

The caverns of interest for this study were neither drilled nor developed by the SPR. Therefore, 

original data, logs, and well history information is scarce. A thorough investigation of each 

cavern utilizing available resources including the SPR Information Management System 

(SPRIMS), SNL’s SPR Library, SNL’s PETRA geologic database, state records, and several 

SPR project members. Effort is focused on coupling historic data with current knowledge of the 

SPR sites and caverns, geology of the sites, and stability analyses. 
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4 Bryan Mound 5 

With a cavern volume of approximately 37.0 MMB, BM5 represents the largest cavern in the 

SPR.  A map of the caverns and wells of the BM site is shown in Figure 4-1.  The edge of the 

cavern is approximately 1200 ft from the edge of the salt dome boundary (Lord 2007) with BM4 

as the nearest neighbor at a distance of 336 according to the updated pillar to diameter (P/D) 

code (Rudeen 2013).  BM101 is also relatively close at 380 ft. by the P/D code.  

 

Figure 4-1.  BM site map of cavern footprints and wells. 

BM5 consists of two lobes separated by a very narrow neck at approximately 2700 ft and is used 

to store sour crude oil. BM5 has four wells, BM5, BM5A, BM5B, and BM5C. Figure 4-2(left) 

shows the complex system of three of these wells, their positions relative to one another, and 

where they enter the cavern.  The figure on the right shows the relative heights of key well 

locations including total depth, end of hanging string, top of cavern, end of casing, top of salt, 

and top of caprock as determined by well schematics (see Appendix A) as well as the 

axisymmetric shape of the cavern.  Note that the horizontal displacement of the wells is 

meaningless and is evenly spaced to avoid overlap.   

BM5 

BM4 

BM3 

BM101 
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a) Sonar image of BM5 with                          b) Average radius with well depths noted -                            

wells 5A, 5B, and 5C                                        horizontal displacement is meaningless 

Figure 4-2. Sonar image of Bryan Mound 5A (1987) with wells 5A, 5B, and 5C shown and key well 
depths. 

BM5A enters the top of the cavern. BM5B was abandoned at 1057 ft. BM5C enters the lower 

lobe of the cavern.  BM5C may or may not enter the upper lobe of the cavern as well – contacts 

at FFPO think it likely that it does enter the upper lobe as shown). A deviation survey could not 

be found for the original BM5 well and, therefore, is not shown. 

5 5A 5B 5C 

5C 

5B 

5A 
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4.1 Geology 

The Bryan Mound salt dome is comparatively heterogeneous in composition.  The dome contains 

more shale than typical for the region and contains bands of high anhydrite averaging to be 10-

20% compared to the typical 3-5% (Roberts 2015).  A map of irregular features in the Bryan 

Mound Dome indicates that anhydrite zones, salt falls, and other insoluble zones are abundant at 

Bryan Mound as seen in Figure 4-3.  Additional anomalies include potash and gas in both the 

wells and the caverns themselves.  Also noted, is a massive anhydrite region on the border of 

BM5.  These anomalous zones make it difficult to understand the localized geology of the salt 

surrounding a cavern and, therefore, increase the uncertainty when investigating whether a 

targeted leach can be successful. 

 

Figure 4-3. Anomalous features of the Bryan Mound Salt Dome from (Neal, Magorian et al. 1993). 

Gas, potash, and insoluble data not available for the wells of BM1-BM5 as they are phase I caverns. 



18 

Salt falls have been and continue to be an issue for caverns at Bryan Mound.  Many of the 

caverns were initially leached in a tri-lobe formation as three wells were used for leaching.  It is 

possible the tri-lobe shape results in more salt falls.  BM107, for instance, has 8 reported salt 

falls.  Although no anomalous trend is reported on this map for BM106, the cavern has 12 

reported salt falls.  BM108 has 4 reported salt falls but also has abundant potash in both the 

cavern and well.  Nearby BM101 has a high abundance of insolubles but a relatively cylindrical 

cavern shape.  The BM5 well has 10 reported casing issues with at least 3 due to salt falls.  The 

copious reports of salt falls, anhydrites, and irregularities in the salt reinforce the characteristic 

heterogeneity of the Bryan Mound Dome. 

Bryan Mound Cavern 4, in close proximity to BM5, is also a Phase I cavern and the map 

indicates that this cavern also displays anomalous trends.  Salt spines are inferred by identifying 

regions of thick caprock.  The spines inferred are identified in Figure 4-4 from (Lord 2007). 

 

Figure 4-4. Bryan Mound top-of-caprock structure contour map with the inferred salt spines (Lord 
2007). 

4.2 History 

Cavern 5 was drilled in 1957 by Dow Chemical Company and used as a brine production well. 

Analysis of cuttings from Dow’s Laboratory Report shows a range in the percentage of CaSO4 

(anhydrite).  Some samples report values of 80% or greater at five different depths (Menking 

1957).  The narrow neck of Cavern 5 falls within one of these regions of high anhydrite content 

ranging from 43.1% - 97.8% (see Figure 4-5).  There are several large spikes in anhydrite levels 

(greater than 20% anhydrite) throughout the depths of the cavern including 3050 ft in the lower 

lobe of the cavern, 2720-2780 ft in the neck region, 2360-2420 ft, 2270 ft, and 2180-2210 ft in 



19 

the upper lobe of the cavern.  The increased anhydrite levels over a large depth range 

(approximately 60 ft) may explain the odd leach pattern and difficulty in uniformly leaching the 

neck region.  Although there is a large spike in the lower lobe it is just over one depth reading 

and thus may not affect as large a volume of salt as an increased level over a greater linear 

distance.  The upper lobe also shows increased anhydrite levels and over a greater depth range.  

The average CaSO4 percentage over the depth range 2180-2420 ft is 34% which is not very high 

when taken in isolation but could affect a large volume as it represents 240 linear feet of salt 

tested.  This may explain odd features in the upper lobe as well. 

 

Figure 4-5. Percent anhydrite with depth compared to the BM5 cavern profile.  

Anhydrite values are from core wall samples taken and analyzed when the cavern was spudded by Dow 
Chemical in 1957. 

Table 4-1 describes the history of each of the four wells including the date they were spudded, 

completed, and additional completion information useful for unraveling the multifaceted history 

of BM5.  The depths given from the older references are questionable as they are likely in 

reference to RKB instead of Bradenhead Flange (BHF) which is standard. 
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Table 4-1. BM5 Well History. 

 5 5A 5B 5C 

Date Spudded 2/22/1957
5 

6/24/1978
1 

3/16/1979
2 

9/16/1978
3 

Date Completed 5/24/1957
5 

7/26/1978
1 

3/25/1979 1/27/1979
3 

Top of Salt, ft 1074
5
 (1090) (1080)

 
 1100 (1090) 

Top of Cavern, ft 2130
4
 (2102) 2155

1
 (2102)  2757

3
 (2102) 

Total Depth,ft 3620
5
 (3247) (3273) 1057

2 
 (3222) 

Notes 

Blocked at 

2738 ft in 1978.  

Work over 

9/25/1979
4 

 

abandoned - would not 

penetrate at intended 

location in the lower lobe 

 

Data from 1(LR&A 1978)b, 2(LR&A 1979)a, 3(Associates 1979)b, 4(Williams 1980), and 5(Menking 1957) 
() hold values from current well drawings. 

A timeline of the sonars available and the overall well and leaching history is given in Figure 

4-6.  The references that are used to establish the activity and date are given on the right of the 

figure.  Events related to a particular well are generally grouped along the same vertical value 

where possible but the vertical displacement is primarily to avoid overlap of data. 

 

Figure 4-6. Timeline of BM5 events. Well 5 was completed in 1957 [1] but is not shown due to 
timescale.  More detail on the leaching activities (*) of the mid 1980’s is given in Figure 4-7. 

In the mid-1980s there was a growing concern of being able to meet the 1.1 MMB/day delivery 

rates for the sweet and sour crudes at BM.  As BM5 was the largest cavern holding the greatest 

[1] (Menking 1957) 

[2] (LR&A 1978)b 

[3] (Associates 1979)a 

[4] (LR&A 1979)b 

[5] (Gabriel 1979)  

[6] (DynMcDermott)a 

[7] (DynMcDermott 1999)  

[8] (DynMcDermott 2002) 

[9] (DynMcDermott 2007) 
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amount of sweet oil, if a problem were to occur with the hanging string, the delivery status of the 

sweet oil would be in jeopardy.  The decision was made to increase the delivery rate from 0.8 

MMB/day to 1.1 MMB/day which also gave the opportunity to leach the neck region of BM5 in 

order to more fully connect the lower and upper lobes of the cavern (PB-KBB 1987).  A more 

detailed timeline of this period and the associated references are presented in Figure 4-7. Vertical 

displacement is used solely to avoid overlapping data.  Select references are available in 

Appendix C as noted.   

 

Figure 4-7. Detailed timeline of the BM5 neck leach.   

Not only is it important to understand the history of BM5, it is necessary to note the current 

operating status of the cavern.  Table 4-2 lays out the current configuration for BM5 and the 

current properties of the cavern itself including the most recent interface depth and oil volume. 

Currently, BM5C is out of configuration with a suspended string at a depth of 2030 ft. A tilted 

wellhead has prevented the passage of piping passed the dog leg curve of the well. 

Table 4-2. Bryan Mound 5 Current Configuration as of 1/15/15 from Bryan Mound Weekly Report. 

Well 
Cavern 

Top 

IF & TD 

Date 

IF 

Depth 

TD 

Depth 
Remarks 

5 2102 2/17/2014 3210 3246 Pipe failed at 3045 ft. Lost 179 ft (12/27/12) 

5A 2102 12/22/14 3222 3273 Static 

5C 2709* 10/22/07 3226 3222 Pipe at 2030’. Oil in brine string 

* Well 5C enters the cavern in the lower lobe (see Figure 4-2) 

[1] (Mills 1986)-b* 

[2] (Milloway 1986)* 

[3] (Mills 1986)-a* 

[4] (Bartholomew 

1986)* 

[5] (Kenzie 1986)* 

[6] (PB-KBB 1987)* 

[7] (Boudreaux 1987)* 

[8] (Girman 1988)* 

[9] (DynMcDermott)a 

* see Appendix C 

 

 



22 

In October, 1978, the brine string in Well No. 5 was pinched and ruptured during oil fill. The 

string broke at approximately 2,738 ft, essentially the neck of the cavern, which is consistent 

with a sloughing off of wall material on the cavern floor of the upper lobe that likely struck and 

caused the damage to the brine string. Because of the inability to remove brine, the oil fill was 

stopped. 

Well 5B was drilled with the intent of intersecting the roof of the lower lobe at its highest point. 

The decision was made, however, to plug and abandon the well after determining the drill would 

not enter the cavern in the region that was anticipated. Well 5C drilled into an oil-filled void at 

2,718 ft and entered the cavern at 2,744 ft. Oil was added to the cavern while brine was displaced 

through the new 5C tubing (Gabriel 1979). 

As late as 1980, the two lobes of BM5 were distinct and only connected by a narrow neck at 

2700 ft.  The volume determined by sonar survey indicated a 33.4 MMB cavern. An interface 

survey from February, 1980, however, indicates the volume at that time may have been 

underestimated by as much as 15% (Ortiz 1980).  This difference is likely the result of additional 

brining that occurred after Cavern 5 was turned back over to Dow following the completion of 

sonars necessary for certification. Initial baseline sonars for BM5 likely misrepresented the 

cavern shape and volume. 

Table 4-3 documents the history of sonar activities for BM5. Although many surveys have been 

attempted, the current picture of BM 5 is still unresolved. Sonars were completed in 1977 and 

1978 of the lower and upper lobe, respectively. In 1987, a survey of the entire cavern was 

completed.  This sonar was completed in brine due to the leaching activities at the time.  As such 

it is more reliable than the other more recent sonars conducted in oil. 

Table 4-3. History of BM5 Sonar Activities. 

Well Date 
Depths 

Surveyed 
Notes 

BM 5 12/16/1977  Lower lobe only 

BM 5 1/6/1978  Upper lobe only 

BM 5A 9/24/1987 2145-3217 Full sonar survey 

BM 5 6/28/1999 1945-3210 
Peculiar result for lower portion of upper lobe and lower 

lobe; sections not read at certain depths 

BM 5C 7/9/1999 1928-2760 Neck only 

BM 5 9/28/1999 1945-3210 Peculiar result for lower lobe 

BM 5C 12/12/2007 1928-2085 TD 2090 ft (above top of cavern); neck only 

Several sonars in 1999 reflect only pieces of BM 5 with peculiar results reported especially in the 

lower lobe of the cavern where there appears to be missing data (i.e. full sweeps at a depth 

station were not completed). It is unclear whether these irregular results are due to 



23 

inconsistencies in the sonar interpretation (such as the cavern radius being larger than sonar 

resolution capabilities) or a malfunction with the sonar tool. The sonar completed 7/9/1999 only 

surveyed a small region of the narrow neck of the cavern and does not show good agreement 

with 1987 sonar.   The 1999 sonar shows much less volume even when looking at the same 

depths.  The most recent sonar, completed in 2007, stops at a total depth of 2090 ft which is 

above the top of the cavern. Therefore, the best and most complete sonar available is the sonar 

completed in 1987 shown in Figure 4-8 as an interactive 3D representation of the cavern.  The 

left mouse button is used to drag and rotate the image.  The right mouse button is used to zoom 

in and out.  When both buttons are held, the image can be panned. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 4-8.  Interactive 3D representation of the 1987 sonar survey of BM5 - right click to zoom, left click
      to drag, both to pan.
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The accuracy of the sonars are dependent upon several factors including the type of fluid it is in 

and whether or not the sonar is taken through casing.  The measurement through casing is limited 

because the most accurate means of sonar measurement require the salt saturation (if in brine) 

and the temperature in order to determine the speed of sound in the fluid (McDonald, Davis et al. 

2004).  If casing is present, the measurement is done at the end of the hanging string and used as 

the approximation for the entire cavern.  This is appropriate only if cavern operations have been 

static for an extended period of time.  The maximum radius that can be read in brine and 

hydrocarbons as stated in (Reitze and Tryller 1996) is found in Table 4-4 below (measurement 

improvements may have been made, but no new documentation is available through SMRI).  The 

maximum extent that can be read in oil is much smaller than that of brine, and the single casing 

in oil value is considered high.  It is possible that the accuracy of measurements in oil may be 

less than those in brine as well. 

Table 4-4. Maximum radius in brine and oil from (Reitze and Tryller 1996). 

 Brine Oil 

Maximum 

Range, ft 

No casing 800 130 - 250 

Single casing 220 70 - <160 

4.3 Cavern Issues 

BM5 has a long history of casing damage with many of the issues attributed to salt falls. The 

tiered bi-lobe structure of the cavern separated by a narrow neck lends itself to stability issues. 

Table 4-5 presents an overview of reported casing damage or loss. 

Table 4-5.  History of Lost or Damaged Casing for BM5. 

Well 

No. 

Cavern 

Volume 

Date 

Discovered 
Activity* Probable Cause

+
 Casing Lost, ft 

Casing 

Diameter 

5
+
 37.5 10/78 Oil Fill Anhydrite slough 456 9 5/8” 

5
+
* 38.65 8/88 (or 89*) Static Salt Fall 204 10 3/4” 

5
+
* 38.65 06/90 Static Salt Fall 458 10 ¾” 

5C
+
* 34.05 07/92 Static Salt Fall 530 9 5/8” 

5*  10/97 Oil Fill  456 9 1/2” * 

5*  6/99 Static  Damaged 10 3/4” 

5*  7/99 Workover  553 10 3/4” 

5C*  7/99 Workover  381 9 5/8” 

5C*  7/06 Static  Damaged at 2704 10 3/4” 

5**  12/27/12   179  

+  (Bakhtiari 1993), *BM Weekly Report, 5/21/13 and **BM Daily Report, 5/21/13 
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4.4 Current Stability Assessment 

BM5 has a high diameter-to-height ratio and a pronounced neck between lobes, features which 

make it more likely than typical caverns to experience tensile and dilatant stress conditions. 

Areas of greatest worry include the narrow neck region, the large-diameter flat ceiling at the top 

of the cavern, the bottom portion of the upper lobe, and the top portion of the lower lobe. These 

features, in particular the narrow neck in the region of high variability in anhydrite content, are 

considered to play a prominent role in the large number of string failures due to salt falls. The 

Bryan Mound stability report, (Sobolik and Ehgartner 2009) suggests additional special 

monitoring of BM5 during workovers because of the potential for high tensile stress during these 

operations especially in the neck region as seen in Figure 4-9 (shown below) from the report. 

These issues greatly increase the likelihood of damage to the hanging string. On the other hand, 

BM5 is a shallower cavern and, as such, has a smaller closure rate. BM5 would be more stable 

with less potential for hanging string damage if the neck region was enlarged. 

 

Figure 4-9.  Contour plot of damage factor in the salt around BM5 (two cross-sections, looking 
north and west) from (Sobolik and Ehgartner 2009)a. 

In the determination of the baseline for the remaining drawdowns effort recently exerted by 

Sandia, BM5 is stated to have 1 remaining drawdown (Sobolik, Park et al. 2014).  It is also at 

risk for salt fall and string breaks that could limit access to the oil in the lower lobe or create a 

stable emulsion.  As such, the use of saturated brine is recommended. 

4.5 Leach Potential and Simulations 

BM5 is an extremely odd-shaped cavern with a history of salt falls and string failure. 

Additionally, the chemical composition of the surrounding salt is relatively unknown and 

heterogeneous at best with varying levels of impurities and insolubles. These unknowns 

contribute to the conclusion that an attempted leach may not yield the desired shape, but may in 
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fact result in preferential leach.  Although the potential for a large increase in ullage volume 

exists if this cavern were to be leached to the current maximal radial extent, however, the risks 

associated with leaching present several significant issues for the SPR and the success of such a 

leach is difficult to determine. Because of the odd shape and high level of insoluble material, it is 

likely that any effort to leach out the neck of the cavern and move to a more cylindrical, more 

stable shape would result in falls and damaged casing string. Also because of the unknown shape 

and extent of the insoluble surrounding BM5, it is possible that an attempt to leach the cavern 

would result in an even more irregular shape with only 5.6 MMB of ullage created when 

leaching to a reasonably conservative radius. Finally, in order to reach the neck of the cavern for 

a targeted leach, approximately 27 MMB of oil would first need to be moved out of the cavern. 

For these reasons, there has not been an attempt to investigate a leaching scenario with 

SANSMIC simulations. 
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5 West Hackberry 9 

West Hackberry 9 is one of the oldest caverns owned by the SPR and is located in the state of 

Louisiana. WH9 has a cavern volume of approximately 9.1 MMB and, similar to BM5, is bi-

lobal with a narrow neck. Nearby neighbor, WH8, is more than 100 ft away (147 ft by the P/D 

code (Rudeen 2013)) from WH9 but (Whiting 1980) suggest keeping the same oil in WH8 and 

WH9 as the two caverns will coalesce after three full drawdowns. WH6 was originally reported 

to be as close as 100 ft away from WH9 at their closest point. Additional sonars show the closest 

point between WH6 and WH9 is approximately 360 ft according to the P/D code.  WH109 is 

closer to WH9 than WH6 at 360 ft by the P/D code. Above the top of the cavern lies a 1,000 ft 

thick salt roof and WH6 lies between the edge of the salt dome and WH9. WH9 is currently used 

to store sour crude oil.  A map of the WH site with cavern outlines and wells is shown in Figure 

5-1. 

 

Figure 5-1.  West Hackberry site map of cavern and well locations. 

Figure 5-2 (left) shows the relative positions of two of the three wells servicing WH9 and where 

they enter the cavern.  No deviation survey could be found for well 9 and, therefore, is not 

pictured.  The figure on the right shows the axisymmetric geometry and important well depths 

derived from well schematics (see Appendix A).  Note that the horizontal displacement of the 

well data is meaningless and used to avoid overlap.  Sonar data is from 2015 for both images.   



30 

             

        a) Sonar image of WH9 with wells 9A        b) Average radius with well depths noted -                               

and 9B                                                                horizontal displacement is meaningless 

Figure 5-2. Sonar image of West Hackberry 9 with wells 9A and 9B shown as well as key well 
depths.  

5.1 Geology 

The West Hackberry Salt Dome is known for its purity and lack of interbedded sediments. Salt 

cores from 4 West Hackberry cavern wells revealed approximately 3 percent of anhydrite 

(Whiting 1980) in the total composition of the salt. This differs greatly from the 43-97% reported 

9A 

9B 

9B 9A 9 
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for BM5.  The SPR developed caverns were only partially logged so it is not possible to map the 

anhydrite bands or internal structure of the salt inclusion (Magorian, Neal et al. 1990).  

5.2 History 

At the time of purchase, WH9 had a reported volume of 8.9 MMB. However, after certification, 

the cavern was returned to the Olin Company for continued brining (Whiting 1980). WH9 was 

completed in 1947 and is one of the oldest operating caverns at SPR. Unfortunately, little else is 

known regarding the early history of WH9 prior to being purchased by the SPR. It is widely 

recognized, however, that the shape of the cavern is due to persistent brining operations and the 

unique bi-lobal shape and narrow neck are the result of a broken string during early operations. 

Initially, leaching was occurring in the bottom lobe. After a string break high in the developing 

cavern, leaching began at a much higher elevation creating the upper lobe of the cavern. The 

overall radial symmetry of the cavern is consistent with a string break as irregularities in cavern 

shape would be more diagnostic of impurities within the salt.  A timeline of sonar and well 

events is presented in Figure 5-3.  The references for the events can be found on the right of the 

figure.  

 

Figure 5-3. Timeline of sonars and well events for WH9. 

Table 5-1 provides pertinent historical information for the three wells (WH9, WH9A, and 

WH9B) including casing and completion information useful for gaining a full understanding of 

the WH9 system. Additionally, Table 5-2 provides data for the current operations of WH9 

including cavern and oil volume and interface depth. This is critical information for investigating 

the plausibility and benefit of remedial leaching activity. The recent work characterizing the WH 

salt dome (Lord and Roberts 2013) gives the top of cavern for WH9 (well non-specific) to be a 

depth of 3213 ft and the top of salt for cavern WH9 (well non-specific) to be a depth of 2100 ft. 

[1] (LR&A 1978)a 

[2] (LR&A 1978)c 

[3] (LR&A 1978)d 

[4] (DynMcDermott)b 

[5] (DynMcDermott 2000)a 

[6] (DynMcDermott 2000)b 

[7] (DynMcDermott 2000)c 
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Table 5-1.  WH 9 Well History. 

 9 9A
2
 9B 

Date Spudded  2/1/1978
2
 3/21/1978

3
 

Date Completed 1947
1
 3/19/1978

2
 4/28/1978

3
 

Top of Salt, ft 2000
1
 (2153)

 
 2109

2
 (2000)

 
 2046

3
 (2016)

 
 

Completion Depth
4
, ft 2700 2537 2525 

Top of Cavern
4
, ft 3210 3212 3217 

Suspended String
4
, ft Slick Hole Slick Hole 3554 

Total Depth
4
, ft 3560 3575 3567 

() indicates conflicting data given in more recent Murry and Foley 2011 
1  (LR&A 1978)a; 2  (LR&A 1978)c; 3  (LR&A 1978)d; 4  (Murry and Foley 2011). 

Table 5-2. West Hackberry 9 Current Configuration as of 1/15/15. 

Well Depth Casing IF & TD Date IF depth Total Depth 

9S 2700 5/4/05 3531 3560 

9A 2537 6/24/09 3545 3574 

9B 2525 4/15/14 3544 3567 

West Hackberry Weekly Report, 1/7/15. 

Figure 5-4 shows sonar results from 2009. The 1977 sonar was completed while the cavern was 

being used for brining operations while the 2010 sonar was completed while the cavern was 

being used for oil storage and was done by Socon. Because the 1977 survey was completed in 

brine, the survey has a much greater resolution. Recall that the maximum extent that can be 

accurately measured in oil is less than that in brine and the sonar in 2010 was less accurate than 

the 1977 sonar (see Section 4.2).  Although sonar technology has improved since the 1970’s, the 

expansive diameter of WH9 and the survey through oil makes the results of the 2010 sonar 

questionable and the normal data files were not made available for this sonar run.  In February of 

2015, a sonar was conducted by Sonarwire through oil with reasonable radial readings and 

typical data files were provided.  The furthest extent of WH9 remains indeterminate.   



Figure 5-4. Interactive 3D representation of the 2015 sonar survey of WH9 - right click to zoom, left click to drag, both to pan.
33
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5.3 Cavern Issues 

Far fewer operational issues have been reported for WH9 compared to BM5.  WH9 has a high 

potential for increased stress and potential for salt falls during workovers. However, even though 

WH9 has experienced several workovers, no hanging string failure events have been reported 

(Sobolik and Ehgartner 2009)b.  It should also be noted that WH9 near WH6 and low-pressure 

conditions in one cavern may cause adequate pressure changes in the other resulting in unstable 

conditions.  Potential consequences are reported in (Sobolik 2012) and active pressure 

management for these caverns is delineated in (Sobolik 2013).  At this time, WH6 is nearly 

empty of oil and its ongoing use as a storage cavern is in question (Sobolik, Roberts et al. 2014). 

5.4 Current Stability Assessment 

Similar to BM5, the areas of greatest instability for WH9 are the large-diameter roof, the narrow 

neck region between the upper and lower lobe, the floor of the upper lobe, and the roof of the 

lower lobe. The angled ledge of the upper lobe leading into the narrow neck has significant 

potential for dilatant damage during workover operations. Due to the close proximity of WH6, 

caution during workovers of WH6, WH8, or WH9 must be taken. (Sobolik and Ehgartner 2009; 

Sobolik 2014) describe the scenario of a propagating crack traveling from WH6 to WH9 during a 

workover period that could result in pressure changes that could drive oil to the surface if a 

wellhead was not in place or blowout prevention methods failed. 

WH9 currently has a 2D P/D less than 1 on the first drawdown and as such is investigated more 

fully in the recent work to baseline the remaining drawdowns.  It is currently stable and would 

remain so after one withdrawal, but presents potential risk at the following depressurization of 

the cavern (Sobolik, Park et al. 2014). 

5.5 Leach Potential and Simulations 

Overall, the West Hackberry Salt Dome is relatively “clean” and more homogenous than the salt 

at the other three SPR sites. The current configuration of WH9 is most likely due to a broken 

string during brining operations before the cavern was purchased by SPR. It is highly unlikely 

that the narrow neck of WH9 is due to insoluble material in this region although Sandia National 

Laboratories cannot confirm this due to lack of reported logging activity and core samples from 

the initial well completion from 1947.  

It is understood that a successful targeted enlargement of the neck of WH9 that would eliminate 

or diminish mid-cavern ledge resulting in a more stable cavern with a more favorable shape. 

Additionally, a better understanding of the composition of the salt of the dome in general yields 

more confidence in the ability to successfully leach this region. The absence of numerous reports 

of casing damage due to salt falls in spite of workovers and additional stress in certain areas of 

WH9 also lend to an overall assurance that WH9 will tolerate leaching operations. However, it is 

imperative to investigate the affect that leaching will have on nearby caverns, especially WH6. 
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In order to target the desired neck region, approximately 7.5 MMB of oil would need to be 

displaced. A preliminary SANSMIC simulation was completed in January 2012 simulating a 3 

stage reverse leach with oil fill for the purpose of leaching the neck of the cavern. This operation 

would require workovers to properly position the strings. The results of these runs are shown in 

Figure 5-5 with the initial and final OBI depth, the injection depth, and the production depth. 

SANSMIC is a solution mining software package that was developed at Sandia in the early 

1980s by A. J. Russo specifically for developing tall-thin cylindrical caverns such as the Phase II 

and III SPR caverns.  The type of controlled leach necessary for the leaching of WH9 requires a 

controlled OBI, injection string depth, and production string depth.  A reverse or top leach is 

recommended in which the production string is set deeper within the cavern than the injection 

string.  Oil fill is required so as to limit the total leaching that occurs in the upper depths of the 

cavern.  SANSMIC has been validated for multiple scales of withdrawal and reverse leaching 

and a limited range of direct leach (Weber, Rudeen et al. 2014).  However, it has not been 

validated for Phase I type cavern geometry.  WH9’s geometry is short and wide; the opposite 

geometry type for which SANSMIC is designed.  Validity of SANSMIC results in this case are 

therefore unknown. 

 

Figure 5-5.  Preliminary SANSMIC simulation results targeting the narrow neck of WH9. 
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Table 5-3 illustrates the type of leach, duration of the leach, and additional parameters used for 

the SANSMIC simulation results for the targeted leaching of WH9. This simulation represents a 

quick effort and more analysis is necessary before devising a specific leach plan.  

Table 5-3.  SANSMIC leach proposal for WH9. 

Description Stage 1 Stage 2 Stage 3 

Type 
Top - 

Leach/ Fill 

Top - 

Leach/ Fill 

Top - 

Leach/ Fill 

Duration, days 60 60 60 

OBI final depth, ft 3246 3254 3264 

Injection Rate (oil), MBD 50 50 50 

Injection Rate (raw water), MBD 2.0 2.4 2.8 

Final Cavern Volume, MMB 9.242 9.662 10.086 

∆ in Cavern Volume, MMB 0.370 .789 1.213 
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6 Conclusions and Recommendations 

BM5 and WH9 are atypically-shaped, Phase I, acquired caverns for SPR, each with two lobes 

separated by a narrow neck. BM5 is the largest cavern owned by the SPR with a cavern volume 

of 37.0 MMB. WH9 is one of the oldest caverns owned by the SPR with initial well completion 

in 1947. Leaching these caverns to obtain a more beneficial shape could result in approximately 

6.8 MMB of additional ullage and/or oil storage capacity at SPR. However, there are significant 

risks and issues associated with leaching each of these caverns. In order to leach the narrow neck 

of BM5, approximately 27 MMB of oil would need to be relocated. Additionally, the 

composition of the salt surrounding BM5 is heterogeneous and occupied by sequences of 

anhydrite. The uncharacterized blocks of insoluble material at the narrow neck of BM5 may be 

too large to be leached out with a targeted leaching effort. The high rate of string failure due to 

salt falls also raises concern. An attempt to leach BM5 could result in a large amount of space 

created but the risks are very high. Remedial leaching for BM5 is not recommended at this time. 

The shape of WH9 is not due to anomalies in the composition of the salt but rather due to a 

broken string early in cavern development. WH9 does not have a significant history of well 

failure due to salt falls even though it suffers from similar stress factors as BM5. To perform a 

targeted leaching operation of WH9, 7.5 MMB of oil would need to be relocated and the 

potential ullage gain would be 1.2 MMB. Preliminary SANSMIC simulations illustrate potential 

cavern geometry and the parameters that are needed to achieve this shape.  The SANSMIC 

simulations are done as a preliminary analysis only and should not be used as a leach plan.  

Based on the SANSMIC predicted shape, the narrow neck of WH9 could be expanded giving the 

cavern a more cylindrical form and increased stability. However, SANSMIC has not been 

validated for caverns with the opposite aspect ratio for which it is designed (it is designed for 

tall-thin cylinders). Also, a thorough geomechanical investigation must be completed to 

understand the effects of this operation on nearby WH6 and neighboring caverns. 

. 
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Appendix A: Well Schematics 

 

Figure A-1. Well schematic for BM 5. 
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Figure A-2. Well schematic for BM 5A. 
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Figure A-3. Well schematic for BM 5B (Well History Re-Entry, 1979). 
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Figure A-4. Well completion diagrams for BM 5C. 
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Figure A-5. Well schematic for WH 9. 
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Figure A-6. Well schematic for WH 9A. 
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Figure A-7. Well schematic for WH 9B. 
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Appendix B:  Volume Calculations and Sources 

The current source and associated volumes for BM5 are shown in Table B-1. 

Table B-1. BM5 Total and Oil Volumes. 

Total Volume Oil Volume Source Date associated 

34,479,441 32,671,154 1987 sonar OBI=3222 on 12/22/14 

37,072,000 36,857,000 Cap10312014.xls 10/31/14 

37,811,486  Weekly excel (well 5) 12/27/12 

 36,855,976 Weekly excel (well 5) 2/17/14 

36,779,819  Weekly excel (well 5A) 12/22/14 

37,768,368 36,378,019 Weekly excel (well 5C) 10/22/07 

 36,861,506 Ullage workbook 6/30/14 

The range that can be used for the total volume of BM 5 utilizing the table above is [36.780-

37.072] MMB and so a reasonable approximation is to use 37.0 MMB.  The similar range for oil 

volume is [36.766-36.862] MMB  and the associated approximation is 36.8 MMB. 

The source, date and available measured depths for BM5 are given in Table B-2. 

Table B-2.  HS, IF, and TD depth for BM5. 

Well/source HS Depth-Date IF Depth-Date TD Depth-Date 

5/weekly excel 3226 - 3210 - 2/17/14 3246 - 

5A/weekly excel  3222 - 12/22/14 3273 - 

5C/weekly excel 2031 - 3226 - 10/22/07 3222 - 

Ullage workbook 3226 - 3210 - 3246 - 

Oil to be removed is calculated by using the volume in the 1987 sonar as 32,671,154 bbls at a 

depth of 3222, subtracting the volume of 9,545,259 bbls at a depth of 2600 to be 23,125,895 

bbls.  However the volume of the 1987 sonar is underestimated by approximately 4MMB which 

is likely located in the lower lobe and so the volume to be removed is 23 MMB + 4 MMB = 

27MMB.  It is of note that an MIT was initialized on BM5 on 12/22/14. 

A look at the potential leach volume is shown in Figure B-1.  Various leach radius extents are 

shown and the associated volume that could be gained by leaching to each of the radii is 

described below. 
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Figure B-1.  Potential Leach for BM5. 

Potential Leach Extent (1): Leach from 2500-2750 assume a maximum extent of 185 ft (radius) 

and a cylinder =4,787,577 bbls total.  The current volume already leached in that region = 

3,231,313 bbls leaving an additional volume of 1,556,264 bbls.  

Potential Leach Extent (2): Leach from 2265-2880 assume a maximum extent of 220 ft (radius) 

and a cylinder = 16,655,313 bbls total.  The current volume already leached in that 

region=11,027,943 bbls leaving an additional volume of 5,627,370 bbls. 

Potential Leach Extent (3): Leach from 2155-2975 assume a maximum extent of 325 ft (radius) 

and a cylinder = 48,463,291 bbls total.  The current volume already leached in that region 

=18,952,085 bbls leaving an additional volume of 29,511,206 bbls.
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The current source and associated volumes for WH9 are shown in Table B-3. 

Table B-3. WH9 Total and Oil Volumes. 

Total Volume Oil Volume Source Date associated 

9,144,946 8,799,430 2009 sonar OBI=3544 on 4/15/14 

9,055,000 8,866,000 Cap10312014.xls 10/31/2014 

8,885,572 8,935,003 Weekly excel (well B) 4/15/14 

9,683,154  Weekly excel (well B) 10/9/12 

9,682,459 8,913,898 Weekly excel (well A) 6/24/09 

9,657,000 8,885,012 Weekly excel (well C) 5/4/05 

 8,930,059 Ullage workbook 9/30/14 

The range that can be used for the total volume of WH9 utilizing the table above is [8.886-9.145] 

MMB and so a reasonable approximation is to use 9.1 MMB.  The similar range for oil volume is 

[8.800-8.935] MMB and the associated approximation is 8.9 MMB. 

The source, date and available measured depths for WH9 are given in Table B-4. 

Table B-4.  HS, IF, and TD depth for WH9. 

Well/source HS Depth-Date IF Depth-Date TD Depth-Date 

9B/weekly excel 3552 - 3544 - 4/15/14 3567 - 

9A/weekly excel  3545 - 6/24/09 3574 - 

9S/weekly excel  3531 - 5/4/05  

/ullage workbook 3552 - 3544 - 4/15/14 3568 - 

Oil to be removed is calculated by the volume in the 2009 sonar as 8,799,430 at a depth of 3544, 

subtracting the volume of 1,350,157 at a depth of 3260, to be 7,449,273. 
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Appendix C: Archived BM5 Leach Documents 

The following sources were obtained from FFPO.  The files were taken from a folder marked 

“BM5” and were electronically scanned and sent to Sandia.  They are included here to give 

reference to the leach period of 1984-1989 from which electronic records are scarce.  The title 

used in this report is highlighted on the first page of the associated file, however, some files had 

multiple attachments associated with it and all are included as the relevant information may have 

been included in an attachment rather than the main text of the file.  More files were transferred 

from FFPO, but the attached documents held the relevant information referenced in this report.
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